Introduction
============

*Blumeria graminis* (grass powdery mildew) is a fungal pathogen that attacks grass species belonging to the family of Poaceae. It is considered one of the most important fungal pathogens because of its economic impact on cereal crops (especially wheat and barley) and represents a model system to study biotrophic pathogens ([@evx008-B9]). Like other powdery mildews *B. graminis* is an obligate biotroph, depending on living host to complete its life cycle. Grass powdery mildew is considered a single species, the sub-specific taxonomical category *forma specialis* (*f.sp.)* is used to distinguish between forms which show only minimal (or no) morphological differences but are distinct because they occur on different host species ([table 1](#evx008-T1){ref-type="table"}). Following this definition different *formae speciales* (*ff.spp*) can normally not mate because of the strict host specialization, but they can occasionally mate on alternate hosts ([@evx008-B36]). However, experimental crosses have been successful only for some of the *ff.spp* (e.g. *B.g. tritici* and *B.g. triticale* and *B.g. tritici* and *B.g. secalis*) ([@evx008-B15], [@evx008-B14]; [@evx008-B40]; [@evx008-B26]).Table 1Isolates of *B. graminis* used in this study[^a^](#evx008-TF1){ref-type="table-fn"}*Taxon*Number of isolatesHost of origin[^b^](#evx008-TF2){ref-type="table-fn"}*B.g. avenae*1*Avena sativaB.g. dactylidis*1*Dactylis glomerataB.g. hordei*3*Hordeum vulgareB.g.* on *Lolium* [^c^](#evx008-TF3){ref-type="table-fn"}1*Lolium perenneB.g. poae*1*Poa pratensisB.g. secalis*5*Secale cerealeB.g. tritici1* [^d^](#evx008-TF4){ref-type="table-fn"}13*Triticum aestivum* and *Triticum dicoccoidesB.g. tritici*2[^d^](#evx008-TF4){ref-type="table-fn"}6*Triticum dicoccoides*[^4][^5][^6][^7]

Based on a review of studies that assessed host ranges of different forms of *B. graminis* Troch and colleagues (2014) partially contested the validity of the concept of *ff.spp.*, proposing to retain it only for forms infecting cereals which show a stronger host specialization compared to forms infecting wild grasses. Despite the importance of *B. graminis* as a pathogen and model for research on biotroph life style the evolutionary relationship between *ff.spp.* of *B. graminis* and even the validity of the category of *forma specialis* in evolutionary analysis are topics of intense debate ([@evx008-B29]). Due to the very simple morphology of *B. graminis* and to the absence of polymorphic traits between different lineages, evolutionary analyses of *ff.spp* are limited to phylogenetic studies performed on molecular data. Most of these studies are based on one or few sequenced genes, and led to discordant results and contrasting interpretations: the results of Inuma and colleagues (2007) based on 4 nuclear genes suggested a pattern of co-evolution between *Blumeria graminis* and its host with some exceptions (i.e. host jumps). However [@evx008-B40] found in a phylogeny of the β-tubulin that all *ff. spp.* that grow on cereals (including *f.sp avenae*) cluster together despite their hosts being distantly related (oat belongs to the tribe Avenae while rye, wheat and barley belong to the Triticeae). These data suggest a recent origin of *ff.spp*. that infect cereals and they contradict the hypothesis of plant-pathogen coevolution. Similar results supporting evolutionary mechanisms that do not involve co-evolution have been observed in other pathogens ([@evx008-B41]; [@evx008-B7]). It is known that the analysis of few gene topologies between closely related species or in this case supposedly sub-specific taxa can lead to contrasting or uninformative results. In particular, gene trees can be different from the species tree because of incomplete lineage sorting (ILS) and lateral gene flow between lineages. A high level of ILS is normally expected between recently diverged lineages while gene flow could be substantial between sub-specific taxa ([@evx008-B24]; [@evx008-B35]; [@evx008-B37]; [@evx008-B30]).

Recently the genomes of the *ff.spp. hordei* and *tritici* were sequenced and their divergence time was estimated to be approximately 6 Ma based on a molecular clock ([@evx008-B38]; [@evx008-B42]), two Myr younger than the estimated divergence between wheat and barley ([@evx008-B27]) supporting the hypothesis of host tracking, a form of co-evolution in which the speciation of the pathogen is delayed compared to the speciation of the host. However the accuracy of these results depends on a correct assumption of the molecular clock rate. The largest study on *B. graminis* that made use of genome-wide data was conducted by [@evx008-B26]. In that study we discovered that *B.g. triticale*, a *f.sp.* that can infect the artificial hybrid crop triticale, originated through a hybridization of isolates of the *f. sp. tritici* and of the *f. sp. secalis.* This finding underlined the importance of reticulate evolution and lateral gene flow in *B. graminis*. Moreover this study identified two distinct lineages of *B. graminis* infecting wheat. In addition, infection tests revealed that one lineage was specific to tetraploid wheat and defined it as the new *f.sp. dicocci*. However, Ben-David and colleagues (2016) found that the isolates of the *f.sp. dicocci* can grow on some hexaploid wheat genotypes that were not tested by [@evx008-B26], indicating that the specialization of the two lineages is not complete and that they belong to the same *f.sp.* In this study we will refer to *B.g. tritici1* to identify the lineage named *tritici* in [@evx008-B26], to *B.g. tritici2* to identify the lineage named *dicocci* in [@evx008-B26] and to *B.g. tritici* when we refer to both lineages.

*B. graminis* can infect at least 4 different tribes of Pooideae (Bromeae, Triticeae, Aveneae and Poaea), however until now all studies based on genome-wide data analyzed mildew growing on a phylogenetically limited set of hosts, barley, rye, wheat and triticale, which are all domesticated plants belonging to the Triticeae tribe. Furthermore all studies based on a large set of mildew isolates from phylogenetically distant host species made use of a small number of molecular markers which resulted in contradictory results, probably due to the poor performance of phylogenetic inference methods in presence of ILS and lateral gene flow between lineages.

Here we used genome sequences of 31 *B. graminis* isolates collected on 8 different plant species belonging to three of the tribes attacked by grass powdery mildew. We aimed to reconstruct the evolutionary relationships between different lineages of *B. graminis* and used phylogenomic methods to infer the species tree, the divergence time between lineages and to identify conflicts between gene trees. Moreover when we found discordance between gene trees we applied a coalescent based approach to identify the most likely species tree and tested for the presence of lateral gene flow between lineages. We reconstructed the evolutionary history of grass powdery mildew finding evidence for co-evolution between host and pathogen, host jumps or host range expansions and fast radiation. Our results highlight the importance of using a diverse set of methods that can deal with different levels of isolation and divergence between lineages.

Materials and Methods
=====================

Sampling
--------

We included in the dataset for the phylogenomic analysis all the currently available powdery mildew genomes (3 *B.g. hordei* isolates: GCA_000151065.1, AOLT00000000 and AOIY01000000; 19 *B.g. tritici* isolates: PRJNA183607 and SRP062198; 5 *B.g. secalis* isolates: SRP062198; one isolate of *Golovinomyces orontii* (*Arabidopsis* powdery mildew): PRJEA50317; one isolate of *Erysiphe pisi* (pea powdery mildew): PRJEA50315; and the reference genome of *Neurospora crassa* as outgroup: PRJNA13841) ([@evx008-B12]; [@evx008-B38]; [@evx008-B13]; [@evx008-B42]; [@evx008-B26]). Additionally we sampled and sequenced powdery mildew on *Poa pratensis* (*f.sp. poae*), on *Avena sativa* (*f.sp. avenae*) on *Lolium perenne* (not formally described as a *f.sp.*) and on *Dactylis glomerata* (*f.sp. dactylidis*). Infected plants of *Poa pratensis* and *Lolium perenne* were obtained from the Agroscope Research station in Reckenholz (Zurich, Switzerland), infected plants of *Dactylis glomerata* were collected in Albisrieden, (Zurich, Switzerland). Single infected plants have been collected and kept in an isolated climate chamber at 20 °C and in 16 h light/8 h dark conditions. Spores were collected every 5 days. Oat leaves infected with powdery mildew were kindly provided by Dr Okon and Prof. Kowalczy (University of Lubklin, Poland). Oat powdery mildew was maintained on detached leaf segments with fresh spores and the infected leaf segments were kept on benzimidazole agar plates at 20 °C, 70% humidity and in 16 h light/8 h dark conditions.

DNA Extraction and Sequencing
-----------------------------

DNA was extracted from spores as described by [@evx008-B5]. 125 bp paired-end libraries were created and sequenced with Illumina Hi-Seq at the Functional Genomics Center of Zürich obtaining about 123, 77, 109, and 83 millions of paired reads for *B.g. poae*, *avenae*, *dactiliydis* and *B. graminis* infecting *Lolium*, respectively, all sequences are deposited at the sequence read archive with accession number SRP062198. Bad quality reads were filtered out with sickle 1.33 ([@evx008-B18]) with standard parameters. All *de novo* assemblies were performed with CLC Genomic Workbench 8 with standard parameters and minimum contig size of 200 bp.

Identification of Homologous Genes, Alignments and Gene Tree Discordance Analysis
---------------------------------------------------------------------------------

In a previous study we identified a set of 206 single copy genes that are suitable for phylogenetic analysis in powdery mildew ([@evx008-B26]). We could retrieve 93 of these genes in all newly sequenced genomes with gmap (version 2013-07-20) ([@evx008-B43]), using the genes of the *B.g. tritici* reference isolate 96224 as template. The concatenated alignment resulted to be 239,655 bp long and contained a minimum of 91,299 bases for *G. orontii.* All alignments were performed with muscle 3.8.31 ([@evx008-B10]). In [@evx008-B26] we also identified 4,556 homologous single copy genes in the *ff. spp. tritici, secalis, hordei, and triticale*. These genes could not be used in the phylogenomic analysis because they are too divergent or absent in the outgroups *N. crassa*, *G. orontii* and *E. pisi*. However we retrieved those 4556 single copy genes in the genome of one isolate for each of the lineages of *Blumeria graminis* (96224 for *B.g. tritici1*, 220 for *B.g. tritici2*, the reference isolate DH14 for *B.g. hordei* and S-1201 for *B.g. secalis*, for all other lineages there was only one isolate available). We could find 4,057 of these genes as a single copy in all analyzed genomes and aligned them with muscle 3.8.31 ([@evx008-B10]). Gene trees were inferred with RAXML 8.0.22 ([@evx008-B39]) using a GTR + GAMMA model ([@evx008-B46], [@evx008-B45]). We used Newick Utilities ([@evx008-B19]) to identify and summarize topology patterns.

Bayesian Phylogeny and Divergence Time Estimation
-------------------------------------------------

With the concatenated alignment (93 genes and 34 taxa), we performed a phylogenetic analysis with MrBayes 3.2.2 ([@evx008-B34]) using the independent gamma rate clock model ([@evx008-B21]). Variation of substitution rates across sites was modeled with a discretized (4 categories) gamma (Γ) distribution ([@evx008-B46], [@evx008-B45]). The chains have been let free to sample all models of the GTR model family using reversible jump Monte Carlo Markov Chain ([@evx008-B16]). We ran 10 independent analyses of 5 million generations each, sampling every 10,000 generations and discarding the first 1,250,000 generation as burn-in. The analysis was repeated several times with different number of generation (5 and 25 million with 25% burn-in) giving very similar results in all the analyses. To calibrate the tree, we set three calibration points using uniform priors: the first is the divergence between *Leotiomycetes* (to whom belong the powdery mildew) and *Sordariomycetes* (to whom belongs *N. crassa*) and was defined as the narrowest range including all the different estimations of [@evx008-B31] and [@evx008-B1] (160--320 Ma) . For the other calibration points we used the estimated divergence between the hosts of different mildews and set it as the oldest possible age for the divergence of the mildews. This is equivalent to a flat prior for the divergence time spanning from the oldest possible divergence of the host to the present. We set the divergence between monocot and dicot as oldest possible divergence between *B. graminis* and the dicot powdery mildew *G. orontii* and *E. pisi* (200 Ma, [@evx008-B6]). The origin of *Pooideae* was used as oldest possible radiation of the *ff. spp*. of *B. graminis* (in particular the split between *B.g. poae* and the other *ff.spp.*) (57 Ma, [@evx008-B4]). All calibration points are secondary calibration points, meaning that they are estimations obtained from trees that were calibrated with fossil age estimations.

Mapping, SNP Calling and Principal-Component Analysis (PCA)
-----------------------------------------------------------

We observed that all isolates of the *ff. spp. tritici, dactylidis* and *secalis* cluster together in the phylogenomic analysis and are much more closely related between them than the other *ff.spp.* We therefore mapped the raw Illumina reads for all isolates of these *ff. spp.* on the *B.g. tritici* reference genome ([@evx008-B42]) using Bowtie2 ([@evx008-B20]) with option---score-min L, −0.6, −0.25 (this option allows for approximately four mismatches every 100 bp). We used the following command in SAMtools 0.1.19 ([@evx008-B22]) to convert formats and collect information about single genomic positions: view, sort, mpileup -q 15 (only reads with mapping quality greater than 15 were considered). Finally, we used bcftools to generate a VCF file that was parsed with in-house Perl scripts (available upon request). We considered as high-confidence SNPs only positions with a minimum mapping score of 20, a minimum coverage of 8× and a minimum frequency of the alternative call of 0.9. The principal component analysis was performed with the R package GAPIT ([@evx008-B23]).

Fastsimcoal2
------------

To make a more efficient use of the genome-wide data for the clade that include *B.g. tritici*, *B.g. secalis*, and *B.g. dactylidi*s and to test for gene flow between these different lineages we used a method that fits demographic models to the observed multi-dimensional site frequency spectra implemented in fastsimcoal 2.5.2.8 ([@evx008-B11]). We selected unlinked SNPs (at least 2,500 bp apart, average *r* ^2^ between adjacent SNPs in *B.g. tritici =* 0.12, computed with VCFtools 0.1.14 [@evx008-B8]). Additionally, to obtain presumably neutral SNPs we selected only position at least 2,500 bp far from the closest gene. Finally we selected only SNPs without missing data. After filtering we obtained 19,270 SNPs. The folded site frequency spectrum (FSFS) was calculated with a home-made Perl script (available upon request). Since fastsimcoal2 cannot perform model search we limited our analysis to the three most commonly observed tree topologies. To test for introgression between the different lineages we modified the three basic models adding one bidirectional introgression between all possible pairs of lineages (6 additional models for each of the basic trees). To distinguish between introgression and migration we modified the basic tree models allowing migration between a pair of lineages for all possible pairs combinations (6 additional models for each of the basic trees). Finally we tested the hypotheses that *B.g. tritici1* originated through hybridization of *B.g. tritici2* and an unsampled lineage (as proposed in [@evx008-B26]) implementing this scenario for each of the basic trees (3 additional models). In total, we tested 42 different models. We optimized the likelihood of each model in 100 independent runs, each using 100,000 simulations for every cycle of the conditional maximization algorithm (ECM). We set a minimum of 10 ECM cycles and a maximum of 40, entries in the FSFS with less than 10 observations were not considered in the likelihood computation. Control files of the fastsimcoal2 analysis are provided in [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evx008/-/DC1), model comparison was performed with the Akaike information criterium (AIC).

Results
=======

Phylogenomic Analysis
---------------------

To reconstruct the phylogenetic relationships between different lineages of *B. graminis* we used 93 single copy genes (total alignment of 239,655 bp) in a bayesian partitioned analysis. We found that the *ff. spp.* of *B. graminis* cluster as a monophyletic group that diverged from the mildews infecting dicots between 75 and 83 Ma (95% c.i.) ([fig. 1](#evx008-F1){ref-type="fig"}). The diversification of the *ff. spp.* started between 22.4 and 25.1 Ma (95% c.i.) with the divergence of *B.g. poae*. *Poa* was the first lineage to diverge among the grasses infected by lineages of *B. graminis* analyzed in this study, 26-39 Ma (95% c.i.) ([@evx008-B3], [@evx008-B4]), the topological patterns and the divergence time estimations of *B.g. poae* and its host coincide and support the hypothesis of coevolution between *B.g. poa* and *Poa*. Between 12.8 and 14.3 Ma (95% c.i.) the lineages of *B.g. avenae* and *B. graminis* growing on *Lolium* diverged. In this case the topology of the pathogen is only partially concordant with the topology of the host, the tribe Aveneae is the sister taxon of the Poeae tribe and not of the Triticeae to whom *Lolium* belongs. This could be the result of a host jump or host range expansion of *B. graminis* from Triticeae to the Avenae. Between 7.1 and 8.0 Ma (95% c.i.) *B.g. hordei* diverged from the tritici clade. The divergence between barley and wheat was estimated to be about 8 Ma by [@evx008-B27], also here the topological patterns and the divergence time estimations of *B.g hordei* and *Hordeum* coincide and support the hypothesis of coevolution. Finally we found a recent radiation between 170,000 and 280,000 years ago (95% c.i.) that led to the origin of the *ff. spp.* infecting *Secale*, *Triticum* and *Dactylis* (named tritici clade from now on)*. Dactylis* belongs to the Poeae while *Secale* and *Triticum* belong to the Triticeae, suggesting another very recent host jump or host range expansion from Triticeae tribe to Poeae tribe. Overall the phylogenomic analysis supported the hypothesis of co-evolution of some lineages of *B. graminis* and their hosts, but also revealed topological patterns which suggest possible host jumps or host range expansions (*B.g. avenae* and *B.g. dactylidis*) and a recent radiation of the *ff. spp. secalis*, *tritici* and *dactylidis.* F[ig]{.smallcaps}. 1.---Bayesian consensus tree of powdery mildew strains. Labels on branches represent the median age estimate for the divergence time, gray bars represent the 95% confidence interval of the divergence time, the scale is in million years. In the dashed panel a zoom of the tritici clade is shown (not in scale). All visible ramifications have maximum posterior probabilities.

Genome-Wide Gene Topologies Analysis
------------------------------------

To investigate the occurrence of incomplete lineage sorting (ILS), reticulate evolution or lateral gene flow in *B. graminis* that could be overlooked by the concatenated phylogenomic analysis we identified 4,057 homologous single copy genes in *B. graminis* and inferred the maximum likelihood tree for each of them singularly using one isolate for each lineage of *B. graminis*. We found 75 different topologies among the 4,057 gene trees with the 14 most frequent topologies observed in more than 95% of the trees. We computed the proportion of gene trees that support the clades observed in the three most frequently inferred topologies (found for 53.7% of genes) and found that the incongruence between topologies are localized in the tritici clade ([fig. 2](#evx008-F2){ref-type="fig"}). Conflicts between gene topologies could be due to ILS, to gene flow or lack of nucleotide variation.F[ig]{.smallcaps}. 2.---The first (a) second (b) and third (c) most frequently observed gene tree topologies, representing 19.6%, 18.3% and 15.8%, respectively of the 4,057 single copy gene trees. The percentage of single gene tree topologies that support a clade is reported on the relative branch, most of the discordances between tree topologies is localized in the tritici clade (marked with \*), in particular regarding the relative positions of *B.g. secalis* and *B.g. dactylidis*.

PCA and Demographic Inference with Fastsimcoal2
-----------------------------------------------

Population genomics methods based on SNP data can be more informative on closely related lineages than phylogenomic analysis. We profited from the similarity between the isolates belonging to the tritici clade and mapped the raw Illumina reads on the *B.g. tritici* reference isolate 96224 with comparable overall alignment rate for all isolates (∼70%). After filtering we obtained 684,338 SNPs, that were used in a PCA and found that isolates of *B.g. secalis*, *tritici1* and *tritici2* cluster in three different groups as described in [@evx008-B26]. The *B.g. dactylidis* isolate does not cluster with any of these groups indicating that it is part of a different lineage ([fig. 3](#evx008-F3){ref-type="fig"}). In this study we included all available *B. graminis* genomes except *B.g. triticale* sequences which were object of a previous study. To exclude the possibility that *B.g. dactylidis* and *B.g. triticale* are genomically similar and belong to the same lineage we repeated the PCA analysis after addition of two *B.g. triticale* isolates. We found that they cluster in a separate group that does not include *B.g. dactylidis* ([supplementary Appendix S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evx008/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evx008/-/DC1) online).F[ig]{.smallcaps}. 3.---a) Principal component analysis of *B. graminis* isolates based on 684,338 SNPs. There are four distinct groups that correspond to the four lineages of the tritici clade identified with the phylogenomic analysis. b) Proportion of the variance explained by different principal components, the first and the second together explain 56.6% of the variance, indicating a high level of genetic structure in the dataset.

SNP data can be used to test models for different evolutionary history of closely related lineages. We identified 19,270 neutral (at least 2,500 bp far from the closest gene) unlinked SNPs to compute the folded multidimensional site frequency spectrum (FSFS) of the four lineages (*B.g. tritici1*, *tritici2*, *secalis* and *dactylidis*) and used fastsimcoal2 to fit different demographic models to the observed FSFS. Due to the high dimensionality of the models evaluated by fastsimcoal2 and to the computational requirement it is not possible to exhaustively search the model space. Therefore we decided to test the three most frequent gene tree topologies (shown in [fig. 2](#evx008-F2){ref-type="fig"}). We found that the model representing the topology in [figure 2*a*](#evx008-F2){ref-type="fig"} (basic tree 1) was the most likely followed by the model representing the topology in [figure 2*c*](#evx008-F2){ref-type="fig"} (basic tree 3), and the model representing the topology in [figure 2*b*](#evx008-F2){ref-type="fig"} (basic tree 2) being the least likely ([table 2](#evx008-T2){ref-type="table"}). We then tested for gene flow between lineages. We modified each of the three basic trees adding introgression or migration between all possible pairs of lineages (12 additional models for each basic tree). We found that the majority or all the models with gene flow performed better than basic tree 1, 2 and 3 (9, 12 and 8 models, respectively), and that introgression models generally performed better than migration models (i.e. the best 7 models were introgression models) ([table 2](#evx008-T2){ref-type="table"}). Additionally, we tested the hypothesis that *B.g. tritici1* originated from a hybridization between *B.g. tritici2* and an unsampled lineage based on [@evx008-B26]. We implemented this scenario for each of the three basic trees and found that the hybridization models are always more likely than the basic tree models but less likely than other models with introgression and migration ([table 2](#evx008-T2){ref-type="table"}). We found that the most likely among the tested model was basic tree 3 with introgression between *B.g. tritici2* and *B.g. secalis*, (basic_tree3_intro12 in [table 2](#evx008-T2){ref-type="table"} and [fig. 4](#evx008-F4){ref-type="fig"}). Overall these results suggest the occurrence of gene flow between lineages in the tritici clade, especially between *B.g. tritici1, B.g. tritici2*, and *B.g. secalis*).Table 2Results of the fastsimcoal2 analysisbasic_tree1basic_tree2basic_tree3Model name[^a^](#evx008-TF5){ref-type="table-fn"}logL[^b^](#evx008-TF6){ref-type="table-fn"}N. of parameters[^c^](#evx008-TF7){ref-type="table-fn"}AIC[^d^](#evx008-TF8){ref-type="table-fn"}Model name[^a^](#evx008-TF5){ref-type="table-fn"}logL[^b^](#evx008-TF6){ref-type="table-fn"}N. of parameters[^c^](#evx008-TF7){ref-type="table-fn"}AIC[^d^](#evx008-TF8){ref-type="table-fn"}Model name[^a^](#evx008-TF5){ref-type="table-fn"}logL[^b^](#evx008-TF6){ref-type="table-fn"}N. of parameters[^c^](#evx008-TF7){ref-type="table-fn"}AIC[^d^](#evx008-TF8){ref-type="table-fn"}basic_tree1_intro01−381981376421basic_tree2_intro12−383141476656basic_tree3_intro12−371811374387basic_tree1_intro12−382271376480basic_tree2_intro02−386021477232basic_tree3_intro02−383641376753basic_tree1_intro02−383671376760basic_tree2_intro01−393961478820basic_tree3_mig12−391041278233basic_tree1_mig01−389091277841basic_tree2_mig02−394291278882basic_tree3_intro01−391241378275basic_tree1_mig12−391201278265basic_tree2_mig01−395901279204basic_tree3_mig02−392551278533basic_tree1_H−391321378290basic_tree2_mig12−396351279294basic_tree3_mig01−397851279595basic_tree1_mig13−391501278324basic_tree2_intro13-400171380060basic_tree3_H−400061380037basic_tree1_intro13−393031378632basic_tree2_H−404251380876basic_tree3_intro23−401461380319basic_tree1_intro03−393161378658basic_tree2_intro23−404531380931basic_tree3_mig23−402841280591basic_tree1_mig02−393421278707basic_tree2_intro03−404931481014basic_tree3−403061080632basic_tree1−394391078898basic_tree2_mig23−406581281340basic_tree3_intro13−403551380736basic_tree1_mig03−394401278904basic_tree2_mig03−407861281596basic_tree3_mig03−403681280760basic_tree1_mig23−394621278947basic_tree2_mig13−409351281895basic_tree3_intro03−403901380807basic_tree1_intro23−394831378992basic_tree2−413821082784basic_tree3_mig13−404341280891[^8][^9][^10][^11] F[ig]{.smallcaps}. 4.---Examples of the demographic models and their parameters used to test different evolutionary hypothesis for the tritici clade. a) The model basic_tree1 resulted to be the most likely among the models without lateral gene flow. The parameters of this class of models (models without gene flow, basic_tree1, basic_tree2 and basic_tree3) are also included in the more complex models with migration or introgression. N_now parameters represent the population sizes of the contemporary lineages *B.g. tritici1* (*B.g.t.1*), *B.g. tritici2* (*B.g.t.2*), *B.g. secalis* (*B.g.s.*) and *B.g. dactylidis* (*B.g.d.*). N_anc parameters represent the population sizes of the ancestral lineages. Div_T parameters represent the divergence time between lineages. b) The model basic_tree1_mig01 resulted to be the most likely among the models with migration between two lineages. This class of models (models with migration between two lineages) has two additional parameters: Mig parameters represent the migration rate between two lineages. c) The model basic_tree3_intro12 resulted to be the most likely among models with introgression between lineages and the most likely among all tested models. This class of models (models with introgression between two lineages) has three additional parameters: Intro parameters represent the proportion of genealogies that move between two lineages at the introgression time, Div_T\_intro represent the time of the admixture event.

Discussion
==========

Co-evolution between Some Lineages of B. Graminis and Its Host
--------------------------------------------------------------

The phylogenomic analysis presented here shows an identity of phylogenetic topologies and divergence times between some lineages of *B. graminis* (*B.g. poae* and *hordei*) and their host species, suggesting that they have co-evolved ([fig. 5](#evx008-F5){ref-type="fig"}). The inference of absolute time divergence in the absence of phylogenetically closely related fossils for calibration or accurate estimate of the mutation rate is very challenging ([@evx008-B4]). Unfortunately this is the case for both *B. graminis* and its host. Moreover the estimation of divergence time of *B. graminis* lineages, the divergence of *Poa* and *Lolium* from the Triticeae and the divergence between barley and wheat are based on three datasets that differ drastically in size (93 nuclear genes, three plastidial genes and whole chloroplast genome respectively) ([@evx008-B4]; [@evx008-B27]). Therefore, the comparison of divergence time between fungal and plant lineages should be taken with caution. Nevertheless, we found that our estimation of the divergence between *B.g. hordei* and the tritici clade is very similar to the estimation of divergence between their hosts, wheat and barley (7.1--8.0 and 6.0--10.3 Ma, respectively) and to the estimation obtained by [@evx008-B42] assuming a molecular clock (5.2--7.4 Ma) . The divergence time between *B.g. poae* and the other lineages of *B. graminis* is slightly younger than the divergence time between *Poa* and the Triticeae (22--25 Ma and 26--39 Ma) while the divergence between the lineage of *B. graminis* infecting *Lolium* and the tritici clade is 8 Myr younger than the divergence between *Lolium* and the Triticeae (13--14 Ma and 22--33 Ma). We noticed that the only divergence time estimated by both [@evx008-B27] and [@evx008-B4], between barley and wheat, was overestimated by [@evx008-B4] compared to [@evx008-B27] (8--9 Ma and 10--20 Ma). This could explain the discrepancies in divergence times between lineages of *B. graminis* growing on *Poa* and *Lolium* and their hosts. The accuracy of divergence time obtained in this study depends on the correctness of the calibration points, in particular the divergence between Leotiomycetes and Sordariomycetes, nevertheless our results are comparable with the estimation of [@evx008-B42] based on a molecular clock.F[ig]{.smallcaps}. 5.---Model of the co-evolution between *B. graminis* and the Pooideae. The phylogenetic tree of B. graminis is shown on the left, a simplified version of the phylogenetic tree of the Pooideae is on the right (modified from [@evx008-B3]). Pathogen and host co-evolved (black solid line) with the exception of *B.g dactylidis* in the tritici clade and *B.g. avenae* (red dashed line)

Two Major Host Jumps or Host Range Expansions of B. Graminis
------------------------------------------------------------

Not all lineages of *B. graminis* were found to follow a pattern of co-evolution. Specifically the phylogenetic positions of the *ff.spp. avenae* and *dactylidis* do not correspond to the positions of their hosts (*Avena* and *Dactylis*) on the phylogenetic tree of the Pooideae, suggesting two host jumps or host range expansion ([fig. 5](#evx008-F5){ref-type="fig"}). Moreover the radiation of the tritici clade is very recent (170,000--280,000 years ago) and differs from the divergence time of the Triticeae (wheat and rye diverged about 4 Ma). Previous phylogenetic studies, based on four nuclear genes, identified a clade of closely related isolates, which included mildew collected on *Triticum spp.*, *Secale cereale*, *Agropyron spp.*, *Elymus libanoticus*, *Aneurolepidium chinense* and *Aegilops tauschi* ([@evx008-B17]; [@evx008-B40]). This clade corresponds to the tritici clade observed in this study. Additionally, we found an isolate of the *f.sp. dactylidis* that belong to this clade. This is in contradiction with the study of [@evx008-B17] that found that isolates infecting *Dactylis glomerata* clustered outside the tritici clade. Since this was observed for all four genes analyzed by [@evx008-B17] it seems possible that there are phylogenetically different lineages that can infect *Dactylis*, and therefore the *f.sp. dactylidis* is probably not a monophyletic group.

Gene Flow between Recently Diverged Lineages of the Tritici Clade
-----------------------------------------------------------------

Both the phylogenomic analysis and the PCA revealed a monophyletic group of four lineages that differentiated very recently (less than 280,000 years ago). Using coalescent simulation to fit different demographic models to the observed folded site frequency spectrum we found evidence for lateral gene flow between lineages of the tritici clade. We also found that the tree topology recovered by the phylogenomic analysis is the least likely of all tested models. These findings confirm the importance of considering ILS and lateral gene flow in the reconstruction of evolutionary history of lineages, in particular between closely related ones ([@evx008-B28]). The occurrence of later gene flow is supported by observations on lack of reproductive barriers between *ff. spp.* Several lineages of the tritici clade can mate and produce fertile progeny (*ff. spp. secalis - tritici*, *tritici -- agropyri*, [@evx008-B15]). Moreover [@evx008-B26] found that triticale powdery mildew originated from a hybridization of *B.g. secalis* and *B.g. tritici*. On the contrary all attempts to cross lineages of the tritici clade with other older lineages of *B. graminis* failed ([@evx008-B14]; [@evx008-B40]). We want to point out that the method that we used to infer the probability of different demographic models does not allow for extensive search of the model space. It is possible that more complex not tested models have a higher likelihood. Moreover, the results of [@evx008-B17] suggest that there are additional lineages in the tritici clade attacking different wild grasses which we did not sample in this study. More sequencing efforts, which will have to include multiple isolates for each of the plant host species, are needed to draw a complete picture of the composition and evolution of the tritici clade. It is possible that the analysis of genomics data obtained from a larger sample's set will result in a different interpretation of the evolutionary history of *B. graminis* in general and of the tritici clade in particular. However based on the available data we speculate that the tritici clade is composed of several radiating lineages with different host ranges, these lineages can exchange genetic material between them through introgression and hybridization. This results in a high potential for the emergence of new pathogens with new virulence spectra.

*Formae Speciales* in *B.* *G* *raminis* and Evolutionary Analysis
------------------------------------------------------------------

The classification of *B. graminis* in different *formae speciales* was introduced for the first time by [@evx008-B25] and it is used to define "forms" that belong to the same species, are morphologically not distinguishable but infect different plant species ([@evx008-B36]). According to this definition a *f.sp.* does not necessarily represent a distinct evolutionary unit (lineage). However the specialization on different hosts implies, at least in theory, barriers to gene flow between different *ff. spp.* and therefore defines *ff. spp.* as separately evolving lineages which is the only necessary property of a species according to the unified species concept (de [@evx008-B32]).

Nevertheless here we focus on the systematic status of *ff. spp.* in *B. graminis* in the light of the genomics data we presented in this paper. We consider first the *ff. spp.* that do not belong to the tritici clade (*hordei*, *poae*, *avenae* and the not formally defined form growing on *Lolium*). These *ff.spp.* represent different lineages that we estimated to be separated by at least 4 million years of independent evolution, even if we cannot exclude the presence of some degree of gene flow between them. This observation together with the evidence for reproductive barriers between these *ff.spp.* (all crosses attempted failed to produce fertile chasmotecia, [@evx008-B40]), suggests that they lack the characteristics of sub specific categories and that it would be more indicated to refer to them as species. Since for these *ff.spp.* we sequenced only one or few individuals and there is evidence that *B. graminis* growing on *Lolium* and on *Avena* are not monophyletic groups ([@evx008-B17]; [@evx008-B40]) we refrain from modifying the current taxonomy in order to avoid confusion and leave this task to future studies which will use whole genome data from several individuals of each *f .sp.*

Lineages belonging to the tritici clade (*B.g. tritici1*, *B.g. tritici2*, *B.g. secalis* and *B.g. dactylidis*) are more closely related than the others and exchange genetic material between them. Thus, for them a sub-specific classification is justified. However these *ff.spp.* cannot always be considered as evolutionary lineages because we found two genetically different lineages belonging to the same *f. sp.* (*tritici1* and *tritici2*). We therefore recommend caution when using the concept of *f.sp.* in *B. graminis*. We suggest that this should be strictly limited to define all isolates growing on the same host and no evolutionary implications should refer to this concept.

Conclusions
===========

The advent of next generation sequences provided researchers that study species evolution and attempt to reconstruct the tree of life with a great amount of data. One consequence of this has been the full recognition of the difference between gene trees and species trees and of the processes that cause it (ILS and lateral gene flow) ([@evx008-B30]). These processes have different relevance in different systematic groups and at different timescales in the same group. Our work shows how one can reconstruct evolutionary histories with genomics data using a diverse set of methods that are suited for lineages with a different level of divergence and isolation. The application of these methods to the grass powdery mildew *B. graminis* allowed us to disentangle a complex evolutionary trajectory that includes co-evolution between pathogen and host, host jumps and fast radiations.
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[Supplementary data](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evx008/-/DC1) are available at *Genome Biology and Evolution* online.
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